1. Introduction {#sec1-polymers-12-00195}
===============

The dependency on fossil feedstock and the current consumption style are global challenges that triggered the search for sustainable processes for the efficient utilization of renewable resources such as biomass \[[@B1-polymers-12-00195],[@B2-polymers-12-00195]\]. Lignocellulosic biomass is the Earth's most abundant renewable resource, which includes forest and food crops, their harvesting residues, and industrial and municipal lignocellulosic waste \[[@B3-polymers-12-00195],[@B4-polymers-12-00195]\]. In Europe, hundreds of millions of tons of lignocellulosic residues are generated every year, most of which are underutilized, burnt, or end up in dumping sites releasing greenhouse gases into the atmosphere \[[@B5-polymers-12-00195]\]. In more detail, around 80 million tons of forest residues, 350 million tons of crop residues, 90 million tons of industrial lignocellulosic residues, and 200 million tons of municipal lignocellulosic waste are generated every year in Europe, one-third of which is available for utilization \[[@B6-polymers-12-00195]\]. In Germany, for instance, a fraction (ca. 2--3 million tons/year) of saw-rest wood as a residue is processed into pellets, which are burnt as a source of bioenergy \[[@B7-polymers-12-00195]\].

Other than the urgent need for utilizing biomass and bio-residues, there is also the need to develop green technologies for processing these massive amounts to bio-based materials and products. Wood and its polymers are insoluble in most of the common industrial solvents due to the strong intermolecular and intramolecular networks of hydrogen bonds and complex microstructure \[[@B8-polymers-12-00195],[@B9-polymers-12-00195]\]. For cellulose processing, carbon disulfide (toxic), N-methylmorpholine-N-oxide (more environmentally acceptable), and dimethylsulfoxide (DMSO), dimethylformamide (DMF), and dimethylacetamide (DMAc) in combination with lithium chloride are used \[[@B10-polymers-12-00195],[@B11-polymers-12-00195]\]. However, there is still a need to develop more environmentally friendly solvents for cellulose and wood processing.

In the 1990s, ionic liquids were proposed as "green solvents" for wood and cellulose dissolution. They are salts that are liquids at temperatures below 100 °C. They have unique properties such as low vapor pressure, high thermal and chemical stability, non-flammability, chemical tunability, and a broad electrochemical window \[[@B12-polymers-12-00195],[@B13-polymers-12-00195],[@B14-polymers-12-00195]\]. The low vapor pressure of ionic liquids, which is a result of the strong interaction forces between their constituting ions, made them considered green solvents in general as they do not emit potentially hazardous organic compounds during use, handling, and transportation \[[@B15-polymers-12-00195]\]. They also have a wide range of solvation power and selectivity by simply tuning the chemistry of the ions they are made of. They are, therefore, excellent substitutes for volatile organic solvents in chemical processes. Other than their potential as solvents, they have also shown great potential in a wide range of applications, including electrochemical systems, energy-harvesting devices, chromatography, lubrication, chemical catalysis, CO~2~ capture, and hydrometallurgy \[[@B16-polymers-12-00195],[@B17-polymers-12-00195],[@B18-polymers-12-00195],[@B19-polymers-12-00195],[@B20-polymers-12-00195]\].

The first report on ionic liquids goes back to 1914 by Paul Walden, who prepared the ionic liquid ethylammonium nitrate \[[@B21-polymers-12-00195]\]. They did not, however, receive much attention until 1999, before which there was less than 35 publications on ionic liquids per year compared to more than 4500 in 2018 ([Figure 1](#polymers-12-00195-f001){ref-type="fig"}). Ionic liquids production has also been industrialized by many companies such as BASF (Germany), Acros Organics (Belgium), EMD (USA), Iolitec (Germany), Sigma-Aldrich (Germany), and TCI Chemicals (Japan). The market of ionic liquids is estimated to be 2.2 billion US dollars in 2022 and to continue to grow \[[@B22-polymers-12-00195]\]. The first report on the use of ionic liquid for cellulose processing is thought to be in 2002 by Swatloski et al., who explored the solubility of pulp cellulose in different ionic liquids \[[@B23-polymers-12-00195]\]. However, two patents in 1933 and 1934 by Graenacher claim the use of molten pyridinium and ammonium salts to dissolve cellulose \[[@B24-polymers-12-00195],[@B25-polymers-12-00195]\]. On the other hand, the first report on wood dissolution using ionic liquids seems to go back to 2006 by Honglu and Tiejun, who dissolved the dawn redwood (softwood) using two imidazole-based ionic liquids and showed that ionic liquids could be better liquefaction agents than phenol/H~2~SO~4~, a common liquefaction agent at the time \[[@B26-polymers-12-00195]\]. Few reports on wood and ionic liquids were published earlier to Honglu's, which, however, investigated the potential of ionic liquids for wood preservation and electrostatic control \[[@B27-polymers-12-00195],[@B28-polymers-12-00195],[@B29-polymers-12-00195]\]. More reports followed Honglu's by Kilpelainen et al. and Fort et al. \[[@B30-polymers-12-00195],[@B31-polymers-12-00195]\]. In the last five years (2014--2018), the literature was enriched by around 2000 publications on the use of ionic liquids for wood and cellulose dissolution and processing.

Ionic liquids can almost be made of unlimited combinations of cations and anions, which are relatively less regular in size than those constituting simple salts such as sodium chloride ([Figure 2](#polymers-12-00195-f002){ref-type="fig"}) \[[@B32-polymers-12-00195]\]. This results in crystalline structures with significantly lower lattice energies and melting points. The cations of most common ionic liquids varied from tetra-alkyl ammonium and tetra-alkyl phosphonium to imidazolium, pyridinium, and pyrrolidinium. Cations that are even more complex have been reported in the literature \[[@B33-polymers-12-00195]\]. The anions also varied from simple halides, acetate, nitrate, hydrogen sulfate to more complicated anions such as acesulfamate \[[@B34-polymers-12-00195]\]. As a result, it is possible to synthesize ionic liquids with a specific melting point, density, viscosity, hydrophilicity, and electrical conductivity to be used for a certain application or chemical process \[[@B35-polymers-12-00195],[@B36-polymers-12-00195]\]. For the processing of wood, lignocellulose, and cellulose, imidazolium ionic liquids have been the most commonly used, which are all based on 1-alkyl-3-alkylimidazolium as a cation ([Table 1](#polymers-12-00195-t001){ref-type="table"}).

The impact of the constituting ions on the physicochemical properties of ionic liquids is significant. For instance, \[BMIM\]\[Cl\] and \[EMIM\]\[Cl\] are solid at room temperature while \[BMIM\]\[OAc\] and \[EMIM\]\[OAc\] are liquid. \[BMIM\]\[BF~4~\] and \[EMIM\]\[BF~4~\] are liquid at room temperature while \[BnMIM\]\[BF~4~\] is solid. In terms of viscosity, \[BMIM\]\[HSO~4~\] has a viscosity of ca. 3100 cP compared to ca. 1500 cP for \[EMIM\]\[HSO~4~\] due to the higher van der Waal forces for longer alkyl chains \[[@B37-polymers-12-00195],[@B38-polymers-12-00195]\]. Both are significantly more viscous than \[BMIM\]\[PF~6~\] and \[EMIM\]\[PF~6~\], \[BMIM\]\[BF~4~\], and \[EMIM\]\[BF~4~\], respectively. A study on \[BMIM\] ionic liquids with carboxylates of different chain lengths (formate, acetate, propionate, and butyrate) showed that increasing the chain length significantly increases the viscosity of the ionic liquid \[[@B39-polymers-12-00195]\]. It is important to mention here that the values of melting temperature and viscosity are strongly affected by the presence of water and impurities. This is the reason behind the variation in the melting point and viscosity values in the literature. The density of imidazolium ionic liquids ranged between 1.0 to 1.4 g/cm^3^, which is slightly higher than that for common organic solvents (0.7--1.0 g/cm^3^) \[[@B40-polymers-12-00195]\]. It is strongly dependent on the molecular mass of the cation and anion. For instance, the density of \[BMIM\]\[PF~6~\] is higher than \[BMIM\]\[BF~4~\] and they are both higher than \[BMIM\]\[Cl\], \[BMIM\]\[Br\], and \[BMIM\]\[OAc\] \[[@B41-polymers-12-00195]\]. The thermal stability of imidazolium ionic liquids is strongly dependent on the anion. The degradation temperature varies between 200 to 500 ºC and increases in the following order \[PF~6~\] \> \[BF~4~\] \> \[Cl\] = \[Br\] = \[I\] \[[@B42-polymers-12-00195]\]. Minor changes in the degradation temperature were reported between \[EMIM\] and \[BMIM\] \[[@B43-polymers-12-00195]\].

Imidazolium ionic liquids may exhibit acid/base properties, which play an important role in their performance. \[BMIM\]\[HSO~4~\] is an acidic ionic liquid while \[BMIM\]\[OAc\] is basic due to the acidity of hydrogen sulfate and the basicity of acetate, respectively \[[@B44-polymers-12-00195],[@B45-polymers-12-00195]\]. The acidity/basicity of imidazolium ionic liquids strongly depends on the acidity/basicity of the anion. For instance, \[BMIM\]\[OAc\] is significantly more basic than \[BMIM\]\[Cl\] because the acetate anion is more basic than chloride while \[EMIM\]\[OAc\] showed slightly higher basicity than \[BMIM\]\[OAc\] \[[@B46-polymers-12-00195]\].

polymers-12-00195-t001_Table 1

###### 

Summary of the most commonly used imidazolium ionic liquids for wood and cellulose dissolution and fractionation and their physicochemical properties.

  Ionic Liquid         Properties   Ref.                                 
  -------------------- ------------ ---------- ------------ ------------ --------------------------------------------------------------------------------
  \[BMIM\]\[OAc\]      −20          1.1        208          1.4          \[[@B47-polymers-12-00195],[@B48-polymers-12-00195]\]
  \[BMIM\]\[Cl\]       41--70       1.1        Solid        \-           \[[@B47-polymers-12-00195],[@B48-polymers-12-00195]\]
  \[BMIM\]\[Br\]       60--81       1.1        Solid        \-           \[[@B47-polymers-12-00195],[@B48-polymers-12-00195],[@B49-polymers-12-00195]\]
  \[BMIM\]\[I\]        −72          1.4--1.5   1110--1183   0.5          \[[@B47-polymers-12-00195],[@B48-polymers-12-00195]\]
  \[BMIM\]\[HSO~4~\]   \-           1.3        3088         \-           \[[@B47-polymers-12-00195],[@B48-polymers-12-00195]\]
  \[BMIM\]\[BF~4~\]    −83--−74     1.1--1.3   72−233       3.2          \[[@B47-polymers-12-00195],[@B48-polymers-12-00195]\]
  \[BMIM\]\[PF~6~\]    11           1.3--1.4   207--450     1.5--4.8     \[[@B47-polymers-12-00195],[@B48-polymers-12-00195]\]
  \[BMIM\]\[Ace\]      30           1.2        800          0.5          \[[@B50-polymers-12-00195]\]
  \[EMIM\]\[OAc\]      −45--−14     1.0--1.1   91--162      2.5--2.8     \[[@B47-polymers-12-00195],[@B48-polymers-12-00195]\]
  \[EMIM\]\[Cl\]       80--89       1.1--1.2   Solid        \-           \[[@B47-polymers-12-00195],[@B48-polymers-12-00195]\]
  \[EMIM\]\[Br\]       65--91       \-         Solid        \-           \[[@B47-polymers-12-00195],[@B48-polymers-12-00195]\]
  \[EMIM\]\[I\]        79--85       \-         Solid        \-           \[[@B47-polymers-12-00195],[@B48-polymers-12-00195]\]
  \[EMIM\]\[HSO~4~\]   \-           1.4        1510         0.5          \[[@B48-polymers-12-00195]\]
  \[EMIM\]\[BF~4~\]    6--15        1.2--1.4   34--66       13.0--14.1   \[[@B47-polymers-12-00195],[@B48-polymers-12-00195]\]
  \[EMIM\]\[PF~6~\]    58--64       1.4        450          5.2          \[[@B47-polymers-12-00195],[@B48-polymers-12-00195],[@B49-polymers-12-00195]\]
  \[EMIM\]\[Ace\]      34           1.3        556          0.6          \[[@B50-polymers-12-00195]\]
  \[AMIM\]\[Cl\]       47           \-         \-           \-           \[[@B48-polymers-12-00195]\]
  \[AMIM\]\[I\]        57           \-         \-           \-           \[[@B48-polymers-12-00195]\]
  \[BnMIM\]\[Cl\]      75           \-         Solid        \-           \[[@B48-polymers-12-00195]\]
  \[BnMIM\]\[BF~4~\]   78           \-         Solid        \-           \[[@B48-polymers-12-00195]\]
  \[BnMIM\]\[PF~6~\]   130--135     \-         Solid        \-           \[[@B47-polymers-12-00195],[@B48-polymers-12-00195]\]

\[BMIM\]: 1-butyl-3-methylimidazolium, \[EMIM\]: 1-ethyl-3-methylimdiazolium, \[AMIM\] 1-allyl-3-methylimidazolium, \[BnMIM\]: 1-benzyl-3-methylimidazolium, \[OAc\]: acetate, \[Ace\]: acesulfamate, \[BF~4~\]: tetrafluoroborate, \[PF~6~\]: hexafluorophospohate.

This review discusses the potential of ionic liquids with a focus on 1-alkyl-3-methylimidazium as cation for the dissolution and fractionation of wood and cellulose. The literature reports will be categorized based on the following target applications: (1) dissolution of wood and cellulose to overcome their recalcitrance to enzymatic hydrolysis for biofuel production, (2) fractionation of wood to its individual components before each being utilized in a certain application, (3) processing wood and cellulose to all-wood and all-cellulose composites, and (4) extraction of cellulose nanoparticles from wood and cellulose. This review will not cover the use of ionic liquids as solvents for the chemical modification of cellulose as it has been thoroughly reviewed \[[@B51-polymers-12-00195],[@B52-polymers-12-00195]\].

2. Dissolution Capability and Selectivity of Imidazolium Ionic Liquids to Wood Polymers {#sec2-polymers-12-00195}
=======================================================================================

The selection of a cation and anion combination does not only influence the physicochemical properties of ionic liquids but also their performance in certain applications and processes. With the focus on the dissolution and processing of wood and cellulose, it is of great importance to have an idea about the solvation power and selectivity of ionic liquids to wood polymers: cellulose, hemicelluloses, and lignin. Some studies relied on the solubility of the individual wood polymers in ionic liquids, while others compared the amount of each polymer that can be dissolved when the wood is treated with an ionic liquid \[[@B53-polymers-12-00195]\]. Although it is believed that ionic liquids are able to dissolve wood and its polymers simply by disrupting the strong hydrogen bond networks between their molecular chains, the process is more complicated and may involve other processes such as hydrolysis and chemical derivatization. These side processes will be thoroughly discussed at a later stage in this review.

2.1. Impact of the Cation and Anion Combination {#sec2dot1-polymers-12-00195}
-----------------------------------------------

There are four imidazolium cations that are most commonly used for the dissolution of wood and cellulose: 1-ethyl-3-methylimidazolium (\[EMIM\]), 1-butyl-3-methylimidazolium (\[BMIM\]), 1-allyl-3-methylimidazolium (\[AMIM\]), and 1-benzyl-3-methylimidazolium (\[BnMIM\]). The main difference is the substituent at the N1 position at the imidazolium ring. Ionic liquids with no substituent at that position, i.e., \[HMIM\] where H stands for hydrogen, tend to be acidic \[[@B54-polymers-12-00195]\]. Studies showed that \[EMIM\] and \[BMIM\] ionic liquids are better solvents for cellulose than \[AMIM\] and \[BnMIM\] ionic liquids due to the hydrophobicity introduced to the imidazolium ring by the allyl and the benzyl groups. On the other hand, \[AMIM\] and \[BnMIM\] are better lignin solvents due to the pi-pi interaction of the allyl group and benzyl group with the phenolic rings of lignin \[[@B55-polymers-12-00195]\]. For the same reason, \[BnMIM\]\[Cl\] can mainly dissolve lignin but not cellulose while \[EMIM\]\[Cl\], \[BMIM\]\[Cl\], and \[AMIM\]\[Cl\] can dissolve all wood components \[[@B56-polymers-12-00195]\]. \[AMIM\]\[Cl\] is a better wood solvent than \[EMIM\]\[Cl\] and \[BMIM\]\[Cl\] because it better interacts with both lignin and cellulose, which supports it accessibility inside wood microstructure \[[@B30-polymers-12-00195],[@B57-polymers-12-00195]\]. The same applies to \[AMIM\]\[OAc\], \[BMIM\]\[OAc\], and \[EMIM\]\[OAc\] \[[@B58-polymers-12-00195]\]. It has also been reported that \[EMIM\]\[OAc\] can dissolve more cellulose but slightly less lignin than \[BMIM\]\[OAc\] due to the higher hydrophobicity of butyl compared to ethyl, which is favored by lignin \[[@B59-polymers-12-00195]\]. The same applies to \[EMIM\]\[Cl\] and \[BMIM\]\[Cl\] \[[@B60-polymers-12-00195],[@B61-polymers-12-00195]\].

The chemistry of the anion has also a strong impact on the dissolution capability and selectivity of the ionic liquid \[[@B62-polymers-12-00195]\]. Due to its high basicity, the acetate anion \[OAc\] can efficiently break hydrogen bonding and therefore allows better wood dissolution compared to chloride \[Cl\] \[[@B63-polymers-12-00195]\]. It also showed a higher dissolution affinity to lignin than chloride \[[@B61-polymers-12-00195],[@B64-polymers-12-00195]\]. The acetate ion is more capable of attacking the hydrogen of the β carbon of lignin inducing the cleaving of β-O-4 bonds in lignin \[[@B65-polymers-12-00195]\]. The formate \[OF\] anion showed the same power of acetate to lignin dissolution but more power to the dissolution of hemicelluloses \[[@B58-polymers-12-00195]\]. Due to its big size, the acesulfamate anion showed a complete selectivity to lignin dissolution because it hinders its diffusion into the crystalline regions of cellulose \[[@B50-polymers-12-00195],[@B66-polymers-12-00195]\] while dicyanamide ionic liquids cannot dissolve wood or cellulose \[[@B62-polymers-12-00195]\]. Unlike acetate and chloride ions, hydrogen sulfate is an acidic anion, which supports the hydrolysis of wood polysaccharides and lignin condensation in a behavior similar to sulfuric acid \[[@B44-polymers-12-00195],[@B67-polymers-12-00195],[@B68-polymers-12-00195]\]. To better categorize the polarity and acidity/basicity of ionic liquids and foresee their interaction with wood polymers and other materials, their Kamlet--Taft parameters have been determined \[[@B69-polymers-12-00195],[@B70-polymers-12-00195]\]. Finally, it is important to mention that part of the impact of the cation and anion on the interaction of ionic liquids with wood polymers is due to their influence on the viscosity of the ionic liquid. Ionic liquids with lower viscosities tend to have more solvation power to wood and cellulose.

2.2. Impact of the Addition of Water, Organic Solvents, and Salts {#sec2dot2-polymers-12-00195}
-----------------------------------------------------------------

Ionic liquids are miscible with water and most organic solvents, and their mixtures have been explored for processing wood and cellulose. Some of these studied only aimed at reducing the viscosity of the ionic liquid while others investigated the impact of water or organic solvent addition on the properties of the ionic liquid and its dissolution power to wood polymers \[[@B71-polymers-12-00195]\]. Fendt et al. have shown that the addition of 5% (w/w) of water or organic solvents (acetonitrile and ethylene glycol) to \[EMIM\]\[OAc\] and \[BMIM\]\[OAc\] decreased their viscosity by 50% \[[@B72-polymers-12-00195]\]. Many reports showed that the presence of water decreased the solubility of cellulose in ionic liquids because the water supports the reformation of hydrogen bonding of cellulose and affects the cation/anion interactions \[[@B23-polymers-12-00195],[@B73-polymers-12-00195],[@B74-polymers-12-00195],[@B75-polymers-12-00195]\]. Similar behavior was reported for some organic solvents \[[@B76-polymers-12-00195]\]. On the other hand, water addition to ionic liquids facilitated lignin dissolution and depolymerization \[[@B77-polymers-12-00195]\], hemicelluloses dissolution \[[@B78-polymers-12-00195],[@B79-polymers-12-00195],[@B80-polymers-12-00195]\], and hydrolysis of the lignin-carbohydrate complex \[[@B81-polymers-12-00195]\], which assisted the disintegration of wood. These observations, however, do not apply to DMSO, DMF, and DMAc, which reduced the viscosity of the ionic liquids and supported the dissolution of wood polymers, including cellulose \[[@B82-polymers-12-00195],[@B83-polymers-12-00195],[@B84-polymers-12-00195],[@B85-polymers-12-00195]\]. They also supported the dissociation of the ionic liquid and increasing the concentration of the ions as a result \[[@B86-polymers-12-00195]\]. Some studies tailored the dissolution power and selectivity to wood polymers by adjusting the pH of the ionic liquid \[[@B87-polymers-12-00195],[@B88-polymers-12-00195]\] or by the addition of salts such as LiCl and Na~2~SiO~3~ \[[@B89-polymers-12-00195],[@B90-polymers-12-00195],[@B91-polymers-12-00195]\].

2.3. Impact of Dissolution Conditions {#sec2dot3-polymers-12-00195}
-------------------------------------

It is not only the chemistry of the ionic liquid that determines the efficiency of wood dissolution. Process parameters, such as temperature and time have a significant influence \[[@B92-polymers-12-00195]\]. Temperature does not only push the kinetics of the process forward but also reduces the viscosity of the ionic liquid, supporting further dissolution. Temperature also affects the selectivity of ionic liquids to wood polymers. For instance, many studies have reported the strong capability of \[EMIM\]\[OAc\] to wood dissolution, most of which have used high dissolution temperatures and time. However, It has been shown that reducing the reaction severity allows the dissolution of the majority of lignin and hemicelluloses of wood with a minimum cellulose dissolution in a similar scenario to wood pulping \[[@B93-polymers-12-00195]\]. On the other hand, \[BMIM\]\[Ace\], which was proven not to be able to dissolve cellulose \[[@B50-polymers-12-00195]\], could disintegrate cellulose at high dissolution temperatures (130 °C) \[[@B94-polymers-12-00195]\].

Other process parameters such as stirring speed, solid/liquid ratio, wood and cellulose particle and molecular size \[[@B60-polymers-12-00195],[@B95-polymers-12-00195],[@B96-polymers-12-00195]\], the use of microwave heating \[[@B97-polymers-12-00195],[@B98-polymers-12-00195]\], and ultrasonication \[[@B99-polymers-12-00195]\] are also important and have been thoroughly explored in the literature. It has also been observed that wood dissolution is affected by environmental conditions. For instance, humidity and oxygen supported the depolymerization of wood polymers in \[EMIM\]\[Cl\] \[[@B100-polymers-12-00195]\].

3. Fractionation and Regeneration of Lignocellulosic Polymers upon Dissolution in Ionic Liquids {#sec3-polymers-12-00195}
===============================================================================================

Upon a complete (homogeneous) or partial (heterogonous) dissolution of wood, different strategies have been used to separate the dissolved and undissolved fractions, which can be summarized into four ([Figure 3](#polymers-12-00195-f003){ref-type="fig"}). In the first strategy, the wood is partially or completely dissolved, and the reaction mixture is then fully regenerated using an anti-solvent without any fractionation. The regenerated wood is collected by centrifugation or filtration, and the ionic liquid is then recycled. This strategy is mostly used for processing wood into composites, as there is no need for wood fractionation. It is also used when the main aim of dissolution is breaking the recalcitrant of wood for biofuel production \[[@B101-polymers-12-00195]\]. In the second strategy, the wood is dissolved, mainly completely, and the dissolved wood is fractioned to polysaccharide-rich fraction and lignin fraction by selective regeneration. The polysaccharide-rich fraction is usually explored for biofuel production, as the removal of lignin facilitates the enzymatic hydrolysis of the polysaccharides to simple sugars. It can also be fractioned further to hemicelluloses and cellulose using alkaline hydrolysis. The third and fourth strategies are mostly used for a thorough fractionation of wood upon partial dissolution. The third strategy separates the dissolved wood from the undissolved using centrifugation or filtration, which is then regenerated completely with no fractionation resulting in two fractions: dissolved wood and undissolved. While the fourth strategy fractions the dissolved wood further to lignin and polysaccharide fractions resulting in three fractions: undissolved wood, polysaccharide-rich fraction, and lignin. The undissolved wood in both strategies could be processed further to pulp fibers or cellulose nanoparticles. The procedure to separate the dissolved wood from the undissolved depends on the viscosity of the reaction mixture. If the reaction is viscous as in the case of using ionic liquids with no dilution, centrifugation is usually used as filtration could be impossible to perform. Sometimes, a co-solvent such as DMSO, DMF, or DMAc is added to the reaction mixture upon dissolution to allow the separation of wood fractions by filtration \[[@B102-polymers-12-00195],[@B103-polymers-12-00195]\].

The regeneration of the dissolved wood using antisolvents is a crucial process. The selection of anti-solvent affects the recovery of the dissolved wood and the efficiency of fractionation. When an anti-solvent is added to a reaction mixture, the ions of the ionic liquids are extracted into the liquid phase through hydrogen bonding and coulombic forces shielding them from direct interaction with wood polymers. This also disrupts the cation/anion solvation network triggering the hydrogen bonds to reform \[[@B104-polymers-12-00195],[@B105-polymers-12-00195]\]. Water is the most used antisolvent for complete regeneration of wood with no fractionation. Methanol and ethanol have also been used \[[@B106-polymers-12-00195],[@B107-polymers-12-00195]\]. To fraction the dissolved wood to a polysaccharide-rich fraction and lignin fraction, a variety of antisolvents has been used. Among these, acetone:water (Ac/W) mixtures are the most commonly used \[[@B108-polymers-12-00195]\] due to the easiness of tailoring its polarity by controlling the Ac/W mixing ratio and by evaporating the acetone. When added to dissolved wood, the polysaccharides (with some lignin) are regenerated while keeping lignin soluble in the mixture. The acetone is then evaporated, increasing the polarity of the mixture and triggering lignin to precipitate, which can then be isolated. The efficiency of the fractioning process and the purity of the polysaccharide fraction are higher using high Ac/W ratios. Unfortunately, Ac/W mixtures with high Ac\\W ratios (2:1 and more) could be immiscible with some ionic liquids such as \[EMIM\]\[OAc\]. A ratio of 9:1 is recommended for \[BMIM\]\[Cl\] and 1:1 for \[EMIM\]\[OAc\] \[[@B108-polymers-12-00195],[@B109-polymers-12-00195]\]. In some reports, Ac/W-based regeneration is differently performed. The acetone is added at first to precipitate the polysaccharides, then water is added to precipitate lignin \[[@B110-polymers-12-00195]\]. The same approach was used using ethanol instead of acetone \[[@B96-polymers-12-00195],[@B111-polymers-12-00195]\]. A solution of sodium hydroxide (usually 0.1M) was also used as an antisolvent for wood fractionation \[[@B112-polymers-12-00195]\]. When added to a dissolved wood mixture, the polysaccharides (with some lignin) are regenerated and separated. The IL/antisolvent mixture is then acidified to a pH of 2 to regenerate lignin \[[@B97-polymers-12-00195],[@B113-polymers-12-00195]\].

4. Applications of Ionic Liquids for Lignocellulose and Cellulose Dissolution and Processing {#sec4-polymers-12-00195}
============================================================================================

4.1. Wood and Cellulose Dissolution for Biofuel Production {#sec4dot1-polymers-12-00195}
----------------------------------------------------------

Ionic liquids have received a significant attention because of their effectiveness in reducing the recalcitrance of biomass to enzymatic hydrolysis towards the production of bioethanol \[[@B114-polymers-12-00195]\]. Ionic liquids also reduce the need for corrosive and toxic chemicals and the accompanying waste streams that are usually generated with alkaline and acidic reagents \[[@B115-polymers-12-00195],[@B116-polymers-12-00195]\]. An ionic liquid-mediated pretreatment of wood aims at effective (1) delignification, (2) breaking lignin-carbohydrate bonds, (3) destroying the crystalline regions of cellulose, and (4) hydrolysis of polysaccharides. To achieve some or all of these goals, different approaches have been followed, which mostly operated at high temperatures for long durations ([Table 2](#polymers-12-00195-t002){ref-type="table"}). The most common approach is achieving maximum wood disintegration in general without delignification. In such approach, the wood is dissolved completely then fully regenerated using water as antisolvent following the first fractionation strategy as shown in [Figure 3](#polymers-12-00195-f003){ref-type="fig"} \[[@B110-polymers-12-00195],[@B117-polymers-12-00195],[@B118-polymers-12-00195],[@B119-polymers-12-00195]\]. The disintegrated wood is then subjected to enzymatic hydrolysis using cellulase enzymes to produce glucose and other simple sugars, which are ultimately fermented to bioethanol. In some systems, the cellulase enzyme and ionic liquids were simultaneously used for wood disintegration and hydrolysis but they have to be compatible with each other in such systems \[[@B120-polymers-12-00195],[@B121-polymers-12-00195],[@B122-polymers-12-00195]\]. Another approach disintegrates and delignifies wood and the dissolved lignin is separated using an acetone:water mixture or sodium hydroxide solution as antisolvent following the second fractionation strategy \[[@B112-polymers-12-00195],[@B123-polymers-12-00195]\].

The most commonly used ionic liquids for wood disintegration were \[EMIM\]\[OAc\], \[AMIM\]\[Cl\], and \[BMIM\]\[Cl\]. In general \[EMIM\]\[OAc\] was more powerful than \[AMIM\]\[Cl\], which was more powerful than \[BMIM\]\[Cl\] \[[@B124-polymers-12-00195]\]. In a few cases, DMSO was added to support further wood disintegration \[[@B125-polymers-12-00195],[@B126-polymers-12-00195],[@B127-polymers-12-00195]\]. In some studies, aqueous solutions of ionic liquids were used to disintegrate wood by targeting the hemicelluloses as they are crucial for wood disintegration \[[@B58-polymers-12-00195],[@B128-polymers-12-00195],[@B129-polymers-12-00195]\]. Similar studies aimed at selectively extracting the polysaccharides (mainly hemicelluloses) from wood to be hydrolyzed and fermented to biofuels at a later stage. In these studies, the acidic ionic liquid \[BMIM\]\[HSO~4~\] was mainly used \[[@B96-polymers-12-00195],[@B130-polymers-12-00195]\].

polymers-12-00195-t002_Table 2

###### 

Summary of the literature on wood and cellulose dissolution for biofuel production.

  Wood/Lignocellulose                                                             Dissolution Conditions                                                             Regeneration   Ref.                                                  
  ------------------------------------------------------------------------------- ---------------------------------------------------------------------------------- -------------- ------------ --- ------------------------------------ ---------------------------------------------------------
  Triticale, Wheat Straw                                                          \[EMIM\]\[OAc\]                                                                    150            1.5          2   0.1 M NaOH then Acidification        \[[@B112-polymers-12-00195]\]
  Cellulose                                                                       \[EMIM\]\[Cl\], \[AMIM\]\[Cl\], \[BMIM\]\[Cl\]                                     100            2            1   Water                                \[[@B131-polymers-12-00195]\]
  Radiata Pine, Eucalyptus                                                        \[EMIM\]\[OAc\]                                                                    50--150        0.8          1   Water                                \[[@B132-polymers-12-00195],[@B133-polymers-12-00195]\]
  Scots Pine                                                                      \[BHIM\]\[HSO~4~\] /Water                                                          120--170       1--4         2   Ethanol then Water                   \[[@B96-polymers-12-00195]\]
  Corn Stalk                                                                      \[BMIM\]\[BF~4~\] /Water                                                           150            5            1   Water                                \[[@B117-polymers-12-00195]\]
  Yellow Pine                                                                     \[EMIM\]\[OAc\]                                                                    140            0.25--0.75   1   Water                                \[[@B134-polymers-12-00195]\]
  Guinea Grass                                                                    \[EMIM\]\[OAc\]                                                                    157            0.5          1   Water                                \[[@B118-polymers-12-00195]\]
  Japanese Cedar                                                                  \[EMIM\]\[OAc\]                                                                    80             3            3   Acetone then Water                   \[[@B110-polymers-12-00195]\]
  Japanese Cedar                                                                  \[EMIM\]\[OAc\]                                                                    60--100        2--8         1   Water                                \[[@B110-polymers-12-00195]\]
  Mixed Softwood                                                                  \[BMIM\]\[OAc\]                                                                    100            15           1   Water                                \[[@B119-polymers-12-00195]\]
  Hornbean, Spruce                                                                \[BMIM\]\[Cl\]                                                                     50--150        0.5--2       1   Water                                \[[@B135-polymers-12-00195]\]
  Cedar, Eucalyptus, Bagasse Powder                                               \[EMIM\]\[OAc\]                                                                    110            16           1   Water                                \[[@B136-polymers-12-00195]\]
  Beech Wood Waste                                                                \[EMIM\]\[OAc\]                                                                    120            3            1   Water                                \[[@B137-polymers-12-00195]\]
  Sugarcane                                                                       \[BMIM\]\[OAc\]                                                                    110            0.5          3   Water                                \[[@B138-polymers-12-00195]\]
  Poplar Wood Flour                                                               \[EMIM\]\[OAc\]                                                                    90             0.3--0.7     1   Water                                \[[@B139-polymers-12-00195]\]
  Sawdust of Norway Spruce, Scots Pine, and Silver Birch and Winter Wheat Straw   \[BMIM\]\[OAc\], \[EMIM\]\[Cl\], \[BMIM\]\[Cl\]                                    100--110       Up to 100    1   Water                                \[[@B140-polymers-12-00195]\]
  Polar Wood                                                                      \[BMIM\]\[OAc\], \[MMIM\]\[MEP\]                                                   130            18           2   Acetone then Water                   \[[@B141-polymers-12-00195]\]
  Oil Palm Biomass                                                                \[EMIM\]\[DEP\]                                                                    70--100        4            2   1:1 Ac/W                             \[[@B123-polymers-12-00195]\]
  Eastern White Pine                                                              \[AMIM\]\[Cl\] /DMSO                                                               110            1            2   1:1 Ac/W                             \[[@B125-polymers-12-00195]\]
  Norway Spruce                                                                   \[BMIM\]\[OAc\]                                                                    100            20           1   Methanol                             \[[@B142-polymers-12-00195]\]
  Pine Wood                                                                       \[EMIM\]\[Cl\] /\[EMIM\]\[OAc\] mixture                                            80--120        3            1   Water                                \[[@B143-polymers-12-00195]\]
  Beech Wood                                                                      \[EMIM\]\[OAc\] /Water                                                             115            1.5          1   1:1 Ac/W                             \[[@B81-polymers-12-00195]\]
  White Poplar and Pine                                                           \[EMIM\]\[OAc\] /DMSO                                                              110            3            1   Water                                \[[@B126-polymers-12-00195]\]
  P. tomentosa                                                                    \[EMIM\]\[OAc\], \[BMIM\]\[Cl\], \[AMIM\]\[Cl\]                                    130            2            1   5% NaOH                              \[[@B113-polymers-12-00195]\]
  Hybrid Pennisetum                                                               \[AMIM\]\[Cl\]                                                                     100--190       0.5--5.5     1   Water                                \[[@B144-polymers-12-00195]\]
  Sugarcane Bagasse                                                               \[EMIM\]\[OAc\], \[BMIM\]\[Cl\], \[AMIM\]\[Cl\]                                    100            1            1   Water                                \[[@B124-polymers-12-00195]\]
  Mixed Pine                                                                      \[BMIM\]\[Cl\]                                                                     70--150        5--24        1   Water                                \[[@B145-polymers-12-00195]\]
  Spruce and Oak Sawdust                                                          \[EMIM\]\[OAc\]                                                                    110            0.65         1   Methanol, Ethanol, Water             \[[@B146-polymers-12-00195]\]
  Silver Wattle                                                                   \[EMIM\]\[OAc\]                                                                    90--150        0.5--24      1   Water, Ethanol, Methanol, 1:1 Ac/W   \[[@B147-polymers-12-00195]\]
  Sugarcane Bagasse Cellulose                                                     \[EMIM\]\[OAc\]                                                                    90             6            1   Water                                \[[@B148-polymers-12-00195]\]
  Cassava Residues                                                                \[BMIM\]\[Cl\]                                                                     130            2            1   Water                                \[[@B149-polymers-12-00195]\]
  Norway Spruce, Sugarcane                                                        \[AMIM\]\[OF\]                                                                     45--120        2--48        1   Water                                \[[@B150-polymers-12-00195]\]
  Laminaria japonica Seaweed                                                      \[AMIM\]\[Cl\]                                                                     60--90         2            1   Water                                \[[@B151-polymers-12-00195]\]
  Cotton Stalks                                                                   \[EMIM\]\[OAc\]                                                                    150            0.5          1   Water                                \[[@B152-polymers-12-00195]\]
  Spruce and Beech                                                                \[EMIM\]\[OAc\]                                                                    115            1.5          4   Ethanol then Water                   \[[@B111-polymers-12-00195]\]
  Polar Wood                                                                      \[EMIM\]\[OAc\]                                                                    110            12           1   Water                                \[[@B153-polymers-12-00195]\]
  Birch and Pine Wood                                                             \[EMIM\]\[OAc\], \[BMIM\]\[Cl\]                                                    25             1--3         1   Ethanol                              \[[@B154-polymers-12-00195]\]
  Aspen Wood                                                                      \[EMIM\]\[OAc\]                                                                    120            1--5         1   Water                                \[[@B155-polymers-12-00195]\]
  Eucalyptus                                                                      \[EMIM\]\[OAc\] /DMSO                                                              80--140        2--4         1   Water                                \[[@B127-polymers-12-00195]\]
  Eucalyptus Cellulose                                                            \[EMIM\]\[OAc\], \[AMIM\]\[Cl\], \[BMIM\]\[Cl\], \[BMIM\]\[Ace\]                   130            1            1   Water                                \[[@B94-polymers-12-00195]\]
  Douglas-Fir Wood                                                                \[EMIM\]\[OAc\]                                                                    120--160       3            1   Water                                \[[@B156-polymers-12-00195]\]
  Yellow Pine                                                                     \[HMIM\]\[Cl\]                                                                     110--150       Up to 5      2   1:1 Ac/W                             \[[@B54-polymers-12-00195]\]
  Pine, Eucalyptus, Switchgrass                                                   \[EMIM\]\[OAc\]                                                                    160            3            1   Water                                \[[@B157-polymers-12-00195]\]
  Norway Spruce                                                                   \[EMIM\]\[OAc\], \[BMIM\]\[OAc\]                                                   120            1--15        1   Water                                \[[@B158-polymers-12-00195]\]
  Sago Waste                                                                      \[BMIM\]\[Cl\]                                                                     140--155       0.5--2.5     1   Water                                \[[@B159-polymers-12-00195]\]
  Oil Palm Fronds                                                                 \[BMIM\]\[Cl\]                                                                     80--120        0.5--3       1   Water                                \[[@B160-polymers-12-00195]\]
  Kenaf Powder                                                                    \[BMIM\]\[Cl\], \[AMIM\]\[Cl\], \[EMIM\]\[Cl\], \[EMIM\]\[DEP\], \[EMIM\]\[OAc\]   110            2            1   Water                                \[[@B161-polymers-12-00195]\]
  Sugarcane Bagasse                                                               \[EMIM\]\[OAc\]                                                                    120            2            1   Water                                \[[@B162-polymers-12-00195]\]
  Sugarcane Bagasse                                                               \[BMIM\]\[Cl\]                                                                     150            1.5          1   Water                                \[[@B163-polymers-12-00195]\]
  Wheat Straw                                                                     \[EMIM\]\[OAc\] /Water                                                             130--170       0.5--5.5     1   Water                                \[[@B128-polymers-12-00195],[@B129-polymers-12-00195]\]
  Miscanthus giganteus, Pine, Willow                                              \[BMIM\]\[HSO~4~\] /Water, \[BMIM\]\[MSO~4~\] /Water                               120            2            3   Water                                \[[@B130-polymers-12-00195]\]
  Eucalyptus, Southern Pine, Norway spruce                                        \[AMIM\]\[Cl\]                                                                     120            5            1   Water, Methanol                      \[[@B106-polymers-12-00195]\]
  Switch grass                                                                    \[BMIM\]\[Cl\], \[EMIM\]\[OAc\], \[BMIM\]\[OAc\]                                   110            0.25         1   Water                                \[[@B59-polymers-12-00195]\]
  Maple Wood Flour                                                                \[EMIM\]\[OAc\]                                                                    50--130        0.5--20      1   Water                                \[[@B57-polymers-12-00195]\]

Abbreviations: \[OF\]: formate, \[DEP\]: diethylphosphate, \[MMIM\]: 1-methyl-3-methylimidazolium, \[MEP\]: methylphosphite, \[MSO~4~\]: methylsulfate, Ac/W: acetone/water mixture.

4.2. Ionic Liquid-Mediated Fractionation and Pulping of Wood and Lignocellulose {#sec4dot2-polymers-12-00195}
-------------------------------------------------------------------------------

Traditional wood pulping, including Kraft and Sulfite pulping, are considered environmentally unfriendly due to the use of strong acidic and alkaline solutions, which require special treatments \[[@B164-polymers-12-00195],[@B165-polymers-12-00195]\]. Furthermore, the separation of dissolved hemicelluloses and lignin from the pulping liquor is relatively difficult. When extracted, lignin and hemicelluloses can be strongly modified (sulfonation, oxidation) during pulping limiting their potential in certain applications \[[@B166-polymers-12-00195]\]. Ionic liquids offer a solution for these challenges and provide many possibilities for wood fractionation and pulping, depending on the aim of the treatment. The fractionation procedure is also relatively simple, and the separated fractions are not/slightly modified \[[@B167-polymers-12-00195]\].

Some fractionation procedures dissolve wood completely and fraction it to its individual components without paying attention to the crystalline structure of cellulose ([Table 3](#polymers-12-00195-t003){ref-type="table"}) \[[@B168-polymers-12-00195],[@B169-polymers-12-00195]\]. The individual polymers are then used separately or together for certain applications. For example, cellulose and hemicelluloses can be used for the production of bioethanol, furfural compounds \[[@B170-polymers-12-00195]\], pyrolysis products \[[@B108-polymers-12-00195]\], and synthetic wood composites \[[@B171-polymers-12-00195]\] while lignin can be used for the production of adhesives and phenolic compounds \[[@B172-polymers-12-00195],[@B173-polymers-12-00195]\]. Sometimes, wood components are selectively extracted. Acesulfamate and methylsulfate ionic liquids were suggested as selective solvents for lignin \[[@B50-polymers-12-00195],[@B174-polymers-12-00195]\], while a mixture of ionic liquids with water and certain organic solvents were proved efficient for the extraction of hemicelluloses \[[@B175-polymers-12-00195]\]. The aqueous and organic mixture of ionic liquids were used to upgrade Kraft pulp to high-quality dissolving pulp by reducing its hemicellulose content \[[@B176-polymers-12-00195],[@B177-polymers-12-00195],[@B178-polymers-12-00195]\]. Ionic liquids acidified to a pH of 4--5 were found to be able to dissolve hemicelluloses selectively. If the pH is adjusted to 2--3, they become capable of dissolving cellulose. In both scenarios, lignin stays undissolved \[[@B87-polymers-12-00195]\]. During the selective extraction of hemicelluloses and lignin, the crystalline structure could be degraded, especially if high dissolution temperatures are used. At lower temperatures (60 °C and less) and short dissolution time (two hours and less), it was possible to extract Cellulose I pulp \[[@B179-polymers-12-00195],[@B180-polymers-12-00195]\]. Different studies have shown that the dissolution of hemicelluloses and cellulose is mainly affected by the anion, while lignin dissolution is affected by both the cation and anion \[[@B181-polymers-12-00195],[@B182-polymers-12-00195],[@B183-polymers-12-00195]\]. Significant pi-pi stacking of imidazolium with the benzene rings supports lignin dissolution and depolymerization \[[@B184-polymers-12-00195],[@B185-polymers-12-00195]\].

4.3. Ionic Liquids for Processing All-Wood and All-Cellulose Composites {#sec4dot3-polymers-12-00195}
-----------------------------------------------------------------------

Wood liquefaction is necessary for its processing and fractionation. In the past, it was not possible to liquefy wood without the use of high pressure and temperature. Various liquefaction and dissolution agents were then explored, such as phenol and ethylene carbonate, in the presence of strong acids as catalysts \[[@B191-polymers-12-00195],[@B192-polymers-12-00195]\]. In 2006, Honglu and Teijun showed that ionic liquids, in addition to their green properties, can be better wood liquefaction agents than phenol/sulfuric acid \[[@B26-polymers-12-00195]\]. Since then, ionic liquids were explored as solvents and liquefaction agents for wood modification \[[@B193-polymers-12-00195]\], wood processing \[[@B194-polymers-12-00195]\], and to facilitate wood grinding \[[@B195-polymers-12-00195]\]. They were also used for processing synthetic wood composites of controlled amounts of cellulose/hemicelluloses/lignin \[[@B171-polymers-12-00195]\].

Wood liquefaction with ionic liquids causes major changes in the anatomic and molecular levels, including swelling, fibrillation, disintegration, plasticization, and derivatization \[[@B66-polymers-12-00195],[@B196-polymers-12-00195]\]. Wood swelling in ionic liquids is comparable, and sometimes better, to that in water and organic solvents \[[@B66-polymers-12-00195]\]. It is also reversible, which means that cellulose can keep its native crystalline structure upon the removal of the ionic liquid \[[@B197-polymers-12-00195]\], although strong fibrillation and disintegration are observed. Thermomechanical studies showed that ionic liquids are capable of lowering the glass transition of lignin in wood to values similar to or lower than those obtained using water as a plasticizer \[[@B198-polymers-12-00195]\]. \[EMIM\]\[OAc\]-plasticized Norway spruce showed a glass transition around 60 °C, which is lower than those obtained using water and ethylene glycol (84 and 74 °C, respectively) \[[@B199-polymers-12-00195],[@B200-polymers-12-00195]\]. Such kind of strong plasticization and swelling are advantageous for wood processing, as they determine its energy requirement \[[@B199-polymers-12-00195],[@B201-polymers-12-00195],[@B202-polymers-12-00195]\].

All-wood and all-cellulose composites have been processed following one main procedure ([Table 4](#polymers-12-00195-t004){ref-type="table"}). The wood or cellulose is partially or completely dissolved in an ionic liquid before hot-pressed \[[@B203-polymers-12-00195]\]. The ionic liquid is taken out of the composite, and the wood is fully regenerated before or after pressing by washing or extraction using an antisolvent such as water or ethanol. Sometimes, the composite is made of a mixture of wood and cellulose \[[@B204-polymers-12-00195],[@B205-polymers-12-00195],[@B206-polymers-12-00195]\]. Other times, the plasticized wood is processed with another polymer such as thermoplastic starch \[[@B207-polymers-12-00195]\].

4.4. Extraction of Cellulose Nanoparticles from Wood and Cellulose {#sec4dot4-polymers-12-00195}
------------------------------------------------------------------

Upon wood pulping, cellulose is extracted in the form of 20--40 µm-thick fibers, which can be processed to nanocellulose using a wide range of chemical and mechanical procedures \[[@B45-polymers-12-00195]\]. Nanocellulose is an interesting material because of its high mechanical strength, high surface area, the ability to modify its surface and to form liquid crystalline structures, in addition to biodegradability and biocompatibility \[[@B214-polymers-12-00195],[@B215-polymers-12-00195],[@B216-polymers-12-00195],[@B217-polymers-12-00195]\]. Thanks to these properties, nanocellulose has shown great potential in a wide range of applications, including automotive industry \[[@B218-polymers-12-00195]\], water filtration \[[@B219-polymers-12-00195],[@B220-polymers-12-00195]\], tissue engineering \[[@B221-polymers-12-00195]\], pharmaceutical formulation \[[@B222-polymers-12-00195]\], electronics \[[@B223-polymers-12-00195]\], etc. Cellulose nanocrystals (CNCs), one form of nanocellulose, are rod-like nanoparticles with a thickness of 3--10nm and a length of a few hundreds of nanometers \[[@B224-polymers-12-00195]\]. They are extracted chemically by hydrolyzing the amorphous regions of cellulose using strong acids using a procedure that has already been industrialized \[[@B45-polymers-12-00195]\]. Sulfuric acid is the most commonly used for the extraction of CNCs, although many such as hydrochloric acid, phosphoric acid, and acetic acid have been also explored \[[@B45-polymers-12-00195]\]. The acid-based procedure suffers high severity, corrosion of reactors, the need to treat the effluents, and the low CNC yield, which is in the range of 20--40% (g-CNCs/g-cellulose) \[[@B225-polymers-12-00195],[@B226-polymers-12-00195],[@B227-polymers-12-00195]\].

Ionic liquids have been explored to extract CNCs under milder, controllable, and greener conditions. Most of the reports in the literature focused on the use of the mildly acidic ionic liquid, 1-butyl-3-methylimidazolium hydrogen sulfate \[BMIM\]\[HSO~4~\] \[[@B228-polymers-12-00195]\]. Man et al. have used this ionic liquid for the first time in 2011 to extract CNCs, but the extracted cellulose did not have the optimum morphological characteristics of CNCs \[[@B229-polymers-12-00195]\]. Mao et al. were able to extract higher quality CNCs in almost theoretical yields using the same ionic liquid upon dilution with water \[[@B44-polymers-12-00195],[@B230-polymers-12-00195],[@B231-polymers-12-00195]\]. Grzabka-Zasadzinska et al. studied the impact of the imidazolium substituents on the properties of the CNCs extracted using this ionic liquid \[[@B232-polymers-12-00195]\]. Regenerated CNCs were also produced upon the dissolution of cellulose in \[BMIM\]\[Cl\] \[[@B233-polymers-12-00195]\].

Cellulose nanofibrils (CNFs), another form of nanocellulose, are spaghetti-like nanoparticles with a thickness of 5--30 nm and a length of few micrometers \[[@B224-polymers-12-00195]\]. They are produced by mechanically fibrillating cellulose fibers using a wide range of techniques, including homogenization, microfluidization, microgrinding, and extrusion \[[@B234-polymers-12-00195],[@B235-polymers-12-00195],[@B236-polymers-12-00195],[@B237-polymers-12-00195]\]. There are some reports that used ionic liquids to prepare regenerated CNFs \[[@B238-polymers-12-00195]\]. In these reports, cellulose is dissolved in an ionic liquid then electrospun. The produced CNFs are significantly thicker than traditional CNFs (thickness of around 500 nm) \[[@B239-polymers-12-00195]\]. Mao et al. have reported the use of imidazole to produce both CNCs and CNFs. Imidazole, alone, was found able to fibrillate cellulose to produce CNFs, and to hydrolyze the amorphous regions of cellulose to liberate the CNCs when mixed with water \[[@B240-polymers-12-00195]\].

Most of the reports in the literature on the production of CNCs and CNFs used pure or almost pure cellulose as a starting material, including pulp fibers and microcrystalline cellulose \[[@B45-polymers-12-00195]\]. In other words, there were no technologies for the extraction of nanocellulose directly from wood and lignocelluloses. This is not surprising, as there was no single reagent that is capable of pulping wood and extracting nanocellulose at the same time. Using \[EMIM\]\[OAc\], Abushammala et al. developed a method to pulp wood and simultaneously hydrolyze the amorphous regions of the cellulose to liberate the crystallite in the form of CNCs \[[@B180-polymers-12-00195],[@B241-polymers-12-00195]\]. The extracted CNCs were lignin-coated, which can be bleached to obtain lignin-free CNCs \[[@B179-polymers-12-00195]\]. Such technology could foster the utilization of lignocellulosic residues and the use of naoncellulose \[[@B242-polymers-12-00195]\]. Ionic liquids were also used for the preparation of lignin nano- and micro-spheres by dissolving alkali lignin in \[MMIM\]\[DEP\] followed by a gradual regeneration in water \[[@B243-polymers-12-00195]\].

5. Challenges of Using Ionic Liquids for Wood and Cellulose Dissolution and Processing {#sec5-polymers-12-00195}
======================================================================================

Around 20 years ago, ionic liquids were introduced as the "magic solvents" for processing wood and cellulose and received strong attention due to their advantageous properties. Years later, it became clear that ionic liquids are not that innocent, as they seemed to be. Many issues and challenges appeared that hindered industrializing some promising ionic liquid-mediated technologies developed in academia for processing wood and cellulose:

5.1. Side Reactions {#sec5dot1-polymers-12-00195}
-------------------

For many years, it was assumed that ionic liquids are chemically inert solvents for cellulose and wood. However, recent studies have reported possible side reactions that could take place during processing cellulose and wood using ionic liquids. Acetylation has been reported to take place at varying degrees using acetate ionic liquids, such as \[EMIM\]\[OAc\]. Small degrees of cellulose acetylation (less than 0.1%) were reported when cellulose was treated with this ionic liquid \[[@B244-polymers-12-00195],[@B245-polymers-12-00195]\]. Acetylation was proven to be caused by one of the impurities in the ionic liquid, 1-acetylimidazole \[[@B246-polymers-12-00195]\]. This impurity is continuously generated because of the thermal degradation of the ionic liquid during the reaction and during the recycling of the ionic liquid. Acetylation was more significant (\>10%) in the presence of certain molecules such as 2-furoyl chloride, which provided an electropositive carbon for the acetate ion to attach and be activated \[[@B247-polymers-12-00195]\]. Cellulose acetylation was also more significant when wood was treated with \[EMIM\]\[Ace\] (\>10%) \[[@B180-polymers-12-00195]\]. It was confirmed, in this scenario, that lignin acted as a catalyst \[[@B248-polymers-12-00195]\].

Many studies have also reported the hydrolysis of cellulose when treated with ionic liquids \[[@B179-polymers-12-00195],[@B180-polymers-12-00195],[@B249-polymers-12-00195],[@B250-polymers-12-00195]\]. Some attributed it to the formation of acetic acid, when acetate ionic liquids are used or because of hemicellulose deacetylation \[[@B248-polymers-12-00195],[@B251-polymers-12-00195],[@B252-polymers-12-00195]\], while others linked it to the hydrolytic power of the imidazolium ring \[[@B253-polymers-12-00195]\]. The hydrolytic power of imidazolium is a result of releasing the proton of the ring by the action of the anion \[[@B254-polymers-12-00195],[@B255-polymers-12-00195]\]. This was more significant for acetate ionic liquids compared to chloride ionic liquids due to the high basicity of the acetate ion \[[@B256-polymers-12-00195]\]. In the process, a carbene is formed, which is reactive with the reducing end and C2 of cellulose \[[@B254-polymers-12-00195],[@B257-polymers-12-00195],[@B258-polymers-12-00195],[@B259-polymers-12-00195]\]. This explains the traces of nitrogen detected in cellulose after processing with \[EMIM\]\[OAc\]. Other than the degradation of the cation, the anions can also degrade. For instance, the acesulfamate anion was proved to degrade significantly to ammonium sulfate salt, which was detected in significant amounts in lignin extracted from wood using acesulfamate ionic liquids \[[@B260-polymers-12-00195]\].

Sulfonation and phosphorylation were also detected when wood and cellulose were processed with \[BMIM\]\[HSO~4~\] and \[EMIM\]\[MEP\], respectively \[[@B141-polymers-12-00195],[@B230-polymers-12-00195]\]. Acidic ionic liquids such as \[EMIM\]\[HSO~4~\] and \[BMIM\]\[HSO~4~\] were found to convert sugars to 5-hydroxymethylfufural \[[@B261-polymers-12-00195],[@B262-polymers-12-00195]\]. Sometimes, these side reactions, in addition to acetylation and hydrolysis, were advantageous as they supported the dissolution of lignin and cellulose \[[@B141-polymers-12-00195]\]. For instance, the acetylation of lignin and cellulose and hydrolysis of cellulose during wood treatment with \[EMIM\]\[OAc\] supported the direct extraction of CNCs from wood through simultaneous wood delignification, cellulose fibrillation, and liberation of cellulose crystallites. Lignin acetylation prevented lignin from repolymerizing while cellulose acetylation reduced the cohesive forces between cellulose microfibrils during pulping, preventing them from aggregating \[[@B248-polymers-12-00195]\].

5.2. Recyclability {#sec5dot2-polymers-12-00195}
------------------

Most of the reports in the literature recycled ionic liquids upon wood dissolution or processing by evaporating all added co-solvents and anti-solvents after the separation of all wood fractions relying on the fact that ionic liquids will not evaporate at the typical drying temperatures \[[@B114-polymers-12-00195]\]. It was often claimed that ionic liquids are recyclable with almost no losses due to their low vapor pressure and high thermal stability. However, many studies have shown that ionic liquids degrade due to the high temperatures used for wood and cellulose dissolution \[[@B263-polymers-12-00195]\]. Their degradation might also be catalyzed by the wood moieties generated during dissolution \[[@B260-polymers-12-00195]\]. The side reactions mentioned previously are also a possible cause of losses \[[@B180-polymers-12-00195],[@B247-polymers-12-00195]\].

Ionic liquid recyclability is not only assessed by mass loss but also by the performance of the ionic liquid after recycling. Under high dissolution temperatures, wood could degrade, and oligomers could form, which cannot be regenerated out of the ionic liquid. These oligomers accumulate in the ionic liquid reducing its efficiency \[[@B264-polymers-12-00195],[@B265-polymers-12-00195]\]. The accumulation of wood oligomers, in addition to thermal degradants, can be visually detected as ionic liquids tend to darken \[[@B230-polymers-12-00195]\]. It is worth to mention that it could be possible to evaporate ionic liquids to get rid of these oligomers. Such a process would need a high-energy input in the form of heat and vacuum \[[@B266-polymers-12-00195],[@B267-polymers-12-00195]\]. Some approaches have been developed to overcome this issue, including the formation of distillable carbenes and the back-alkylation of the anion \[[@B268-polymers-12-00195]\]. In conclusion, lowering wood dissolution temperature, if possible, is recommended to suppress both wood and ionic liquid degradation.

5.3. High Viscosity and Low Wood/Ionic Liquid Mixing Ratio {#sec5dot3-polymers-12-00195}
----------------------------------------------------------

Some of the commonly used ionic liquids are solid at room temperature, while others have a viscosity of 100-2000 cP at room temperature ([Table 1](#polymers-12-00195-t001){ref-type="table"}). Halide- and hydrogen sulfate-based ionic liquids tend to be solid or have a high viscosity of more than 1000 CP while acetate, tetrafluoroborate, and hexafluorophosphate ionic liquids are liquid and have a viscosity of few hundreds' cP or less. These viscosities are still significantly higher than the viscosities of commonly used organic solvents (less than 2 cP) \[[@B269-polymers-12-00195]\]. The high viscosity of ionic liquids has a negative impact on four major process parameters: (1) energy input (2) solid/liquid ratio, (3) reaction homogeneity, and (4) filtration of the reaction mixture. High temperature is needed to melt and reduce the viscosity of ionic liquid, while vigorous mixing is needed to improve reaction homogeneity. To improve the solid/liquid ratio and allow the filtration of the reaction mixture, cosolvents such as DMSO are added to the ionic liquid to reduce their viscosity, which would result in an extra effort in ionic liquid recycling at the end \[[@B188-polymers-12-00195]\].

5.4. Prices of Ionic Liquids {#sec5dot4-polymers-12-00195}
----------------------------

The prices of most imidazolium ionic liquids ranged in 2019 between 500 and 5000 euros per kilogram ([Table 5](#polymers-12-00195-t005){ref-type="table"}) \[[@B270-polymers-12-00195],[@B271-polymers-12-00195],[@B272-polymers-12-00195],[@B273-polymers-12-00195]\]. These prices are up to 100 times higher than commonly used organic solvents such as acetone, ethanol, toluene, and DMSO \[[@B270-polymers-12-00195],[@B271-polymers-12-00195],[@B272-polymers-12-00195],[@B273-polymers-12-00195]\], which consequently hinder the inclusion of ionic liquids in many applications and processes. However, these prices are lower than those in the past and will continue to drop due to the growth of the ionic liquids market \[[@B22-polymers-12-00195]\].

5.5. Health and Environmental Concerns {#sec5dot5-polymers-12-00195}
--------------------------------------

The possibility to synthesize a huge number of ionic liquids with tuned properties fostered their use in a wide range of applications. However, this requires thorough studies of the health and environmental impact of all newly synthesized ionic liquids before commercialization. This is important due to the fact that ionic liquids are not innocent solvents as they seemed to be, and some traces may exist in final products even upon careful washing and as a result of side reactions. They may also leash to water and soil \[[@B274-polymers-12-00195],[@B275-polymers-12-00195]\]. Some toxicity studies have shown that ionic liquids are/could be toxic to humans and animals \[[@B276-polymers-12-00195],[@B277-polymers-12-00195],[@B278-polymers-12-00195],[@B279-polymers-12-00195],[@B280-polymers-12-00195]\], and microorganisms \[[@B281-polymers-12-00195],[@B282-polymers-12-00195],[@B283-polymers-12-00195]\], which was mainly linked to the imidazolium cation and influenced by the anion \[[@B280-polymers-12-00195],[@B284-polymers-12-00195],[@B285-polymers-12-00195]\]. Other studies have shown that using ionic liquid for cellulose dissolution might be less environmentally friendly than the traditional NMMO process \[[@B286-polymers-12-00195]\]. Due to the toxicity of the imidazolium ring, other cations have been suggested, such as morpholinium and choline \[[@B287-polymers-12-00195],[@B288-polymers-12-00195]\], which showed similar and sometimes better performance as solvents \[[@B289-polymers-12-00195]\]. Amino acids as anions have been also explored \[[@B290-polymers-12-00195],[@B291-polymers-12-00195]\]. In conclusion, there is a strong need to standardize a system to study the impact of ionic liquids on human health (including genotoxicity, cytotoxicity, and neurotoxicity) and to understand their fate and transport in the environment. A systematic approach to tackle this issue would further accelerate the inclusion of ionic liquids in chemical processes and commercial products.

6. Conclusions {#sec6-polymers-12-00195}
==============

Ionic liquids offer a variety of possibilities for the dissolution, fractionation, and processing of wood, lignocelluloses, and cellulose. They allow the utilization of these bioresources for biofuel production, processing wood-based composites, extraction of nanocellulose, and the production of a variety of chemicals and materials. This is a result of the possibility to synthesize unlimited number of ionic liquids with tailored chemical and physical properties and controlled dissolution power and selectivity to wood and its polymers. Ionic liquids have been able to destruct wood and significantly facilitate the enzymatic hydrolysis of its polysaccharides. They have also been proven potent agents for wood pulping and fractionation and for the extraction of cellulose nanoparticles from cellulose and wood. For processing all-wood composites, they have shown superior plasticization capabilities compared to water and traditional plasticization agents. Despite their fascinating performance, ionic liquids are not innocent and green solvents as they seemed to be two decades ago. Many side reactions have been reported, including acetylation, hydrolysis, and thermal and chemical degradation, which significantly affect their recyclability. They also suffer high viscosity and are still more expensive than commonly used organic solvents. However, their market continues to grow due to their inclusion in more applications and processes.
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polymers-12-00195-t003_Table 3

###### 

Summary of the literature on wood fractionation for the separation of its individual polymers.

  Wood/Lignocellulose                Dissolution Conditions             Regeneration   Ref.                                                  
  ---------------------------------- ---------------------------------- -------------- ---------- --- -------------------------------------- ---------------------------------------------------------
  Cypress Wood                       \[EMIM\]\[OAc\]                    80             1          2   1:1 Ac/W                               \[[@B186-polymers-12-00195]\]
  Rubber Wood                        \[MMIM\]\[MSO~4~\]                 25--100        0.5--2.5   3   Methanol                               \[[@B187-polymers-12-00195]\]
  Sugarcane Straw                    \[EMIM\]\[OAc\]                    90             5          2   1:1 Ac/W                               \[[@B108-polymers-12-00195]\]
  Eucalyptus urophylla               \[EMIM\]\[OAc\]                    140--170       0.5--6     4   Water then Acidic Water                \[[@B97-polymers-12-00195]\]
  Maritime Pine                      \[BMIM\]\[HSO~4~\] /Water          170            0.5--2     2   Ethanol then Water                     \[[@B170-polymers-12-00195]\]
  Norway spruce                      \[EMIM\]\[OAc\] /DMSO              80--150        2--6       4   Acetone                                \[[@B188-polymers-12-00195]\]
  Steam-exploded Angelim Vermelho    \[EMIM\]\[OAc\]                    30             0.25       4   1:1 Ac/W                               \[[@B179-polymers-12-00195]\]
  Angelim Vermelho                   \[EMIM\]\[OAc\]                    60             2          4   1:1 Ac/W                               \[[@B180-polymers-12-00195]\]
  Wheat Straw                        \[EMIM\]\[OAc\]                    110--120       1--16      1   0.1M NaOH or 9:1 Ac/W                  \[[@B109-polymers-12-00195]\]
  Radiata Pine, Eucalyptus globlus   \[AMIM\]\[Cl\]                     120--170       0.3--1     4   DMSO then Methanol                     \[[@B102-polymers-12-00195],[@B103-polymers-12-00195]\]
  Birch Wood                         \[EMIM\]\[OAc\]                    110            16         2   1:1 Ac/W                               \[[@B189-polymers-12-00195]\]
  Wheat Straw                        \[EMIM\]\[OAc\]                    80--140        2--18      2   Alkaline Water, Neutral, then Acidic   \[[@B168-polymers-12-00195]\]
  Poplar Wood                        \[EMIM\]\[OAc\]                    110            16         2   1:1 Ac/W                               \[[@B167-polymers-12-00195]\]
  Sugarcane Bagasse                  \[BMIM\]\[Cl\]                     110            72         2   9:1 Ac/W                               \[[@B169-polymers-12-00195]\]
  Bagasse                            \[EMIM\]\[Xylenesulfonate\]        170--190       0.5--2     1   0.1M NaOH then Acidification           \[[@B190-polymers-12-00195]\]
  Southern Pine, Red Oak             \[EMIM\]\[OAc\], \[BMIM\]\[OAc\]   110            16         2   1:1 Ac/W                               \[[@B61-polymers-12-00195]\]
  Radiata Pine                       \[BMIM\]\[Ace\]                    80--140        1--16      3   Acetone                                \[[@B50-polymers-12-00195]\]

polymers-12-00195-t004_Table 4

###### 

Summary of the literature on processing all-wood and all-cellulose composites using ionic liquids.

  Wood/Lignocellulose                  Dissolution Conditions            Regeneration Mechanism   Ref.                                                   
  ------------------------------------ --------------------------------- ------------------------ --------- --- ---------------------------------------- -------------------------------
  Wheat Straw and Cellulose            \[AMIM\]\[Cl\]                    120                      4         1   Casting then Water                       \[[@B208-polymers-12-00195]\]
  Chinese Fir                          \[AMIM\]\[Cl\]                    80                       4         1   Water then Hot-pressing                  \[[@B203-polymers-12-00195]\]
  Birch Wood                           \[EMIM\]\[OAc\]                   95                       0.5       1   Water and Hot-pressing                   \[[@B209-polymers-12-00195]\]
  Paper Cellulose                      \[EMIM\]\[OAc\] /Water            80--95                   1--16     1   Water then Wet-pressing and Drying       \[[@B210-polymers-12-00195]\]
  Oil Palm Frond                       \[EMIM\]\[OAc\], \[BMIM\]\[Cl\]   90                       3         1   1:1 Ac/W then Hot-pressing with Starch   \[[@B207-polymers-12-00195]\]
  Bleached and Unbleached Soda Pulps   \[BMIM\]\[Cl\]                    85--95                   1         1   Casting then Water                       \[[@B211-polymers-12-00195]\]
  Poplar Wood with Paper               \[EMIM\]\[OAc\]                   100                      1         1   Hot-pressing then Water                  \[[@B205-polymers-12-00195]\]
  Lyocell Fibers                       \[BMIM\]\[Cl\]                    110                      0.5--4    1   Hot-pressing then Water                  \[[@B204-polymers-12-00195]\]
  Aspen Wood with Cotton               \[EMIM\]\[OAc\]                   60--80                   0.5--20   1   Water then Hot-pressing                  \[[@B212-polymers-12-00195]\]
  Cotton, Japanese Cypress Lumber      \[BMIM\]\[Cl\]                    100                      0.5       1   Hot-pressing then Acetonitrile           \[[@B206-polymers-12-00195]\]
  Cedar Flour, Bark Flour              \[BMIM\]\[Cl\]                    100                      0.15      1   Hot-pressing then Ethanol                \[[@B213-polymers-12-00195]\]
  Cedar, Bark Flour                    \[BMIM\]\[Cl\]                    100                      0.2       1   Extraction with Ethanol                  \[[@B213-polymers-12-00195]\]

polymers-12-00195-t005_Table 5

###### 

The prices of the most commonly used ionic liquids for wood and cellulose processing. The prices are not enlisted for comparison as they are based on products of different purities (95--100%) and sizes (5--1000 g).

  Ionic Liquid         Price (EUR/kg)                   
  -------------------- ---------------- ------ -------- ------
  \[BMIM\]\[OAc\]      821              \-     \-       \-
  \[BMIM\]\[Cl\]       1264             1250   2300     882
  \[BMIM\]\[Br\]       517              5600   1836     \-
  \[BMIM\]\[I\]        4880             5200   \-       \-
  \[BMIM\]\[HSO~4~\]   421              3080   \-       \-
  \[BMIM\]\[BF~4~\]    1776             1420   5940     2070
  \[BMIM\]\[PF~6~\]    1992             2520   2440     2390
  \[EMIM\]\[OAc\]      746              7160   15,580   \-
  \[EMIM\]\[Cl\]       363              1224   4680     1080
  \[EMIM\]\[Br\]       2080             3520   1800     1250
  \[EMIM\]\[I\]        3960             3400   3720     \-
  \[EMIM\]\[HSO~4~\]   511              2880   1572     \-
  \[EMIM\]\[BF~4~\]    5660             6000   \-       \-
  \[EMIM\]\[PF~6~\]    9000             5040   6380     \-
  \[AMIM\]\[Cl\]       5240             6000   4880     \-
  \[AMIM\]\[Br\]       21,600           \-     2940     \-
  \[AMIM\]\[I\]        14,400           \-     \-       \-
  \[BnMIM\]\[Cl\]      4600             7000   4880     \-
  \[BnMIM\]\[BF~4~\]   4840             4800   5580     \-
  \[BnMIM\]\[PF~6~\]   4740             6200   4960     \-
